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We investigate, in detail, a model in which the third family fermions are subjected to &2 8yhamics
different from the first two families. Constrained by the precistepole data, the heavy gauge boson mass is
bounded from below to be about 1.7 TeV at the @vel. The flavor-changing neutral currgf®RCNC) in the
lepton sector can be significant im—e and 7« u transitions. In the latter case, the ratio Br(
*)M;MVT)/Br( rﬂejevf) and Br(r— uup) can constrain the model better than CERN LEP or SLC data in
some region of the parameter space. Furthermore, FCNC's are unavoidable in the quark sector. Significant
effects to theB®-B® and D°-D° mixing and the rare decays of tikeand B mesons, such ad*— 7= vy, b
—svy, By—7" 77, ptp”, andBgg—u 7", are expected.

PACS numbgs): 12.15.Ji, 12.60.Cn, 13.20v, 13.35r

I. INTRODUCTION [1,2].) Consequently, a new spectrum of gauge bosons
emerges in the model. We then used the available CERN
The search for physics beyond the standard m@fel) is  large electron positrodLEP) collider and SLAC Stanford
an ongoing endeavor. Usually, a search for new physics iminear collider(SLC) data to constrain the parameters of the
plies investigating higher and higher energy regimes wherenodel. We found the model to be consistent with dateahe
new physics effects are expected to appear. Nevertheless,3t; level) as long as the heavy gauge boson mass is larger
remains a necessary and useful approach to study the lowhan 1.3 TeV. A similar conclusion was also found in Refs.
energy regime where interesting phenomena may be exg_g1
pected in a particular model. The work presented here is an | this work, we first update the previous analysis on con-

example where new physics diminishes in some of the Very,ining the parameter space of the proposed model using
low-energy Processes and roupshes n th.e ot_hers. . the most recent LEP and SLC d48d, then discuss the zero-
The flavor physics of the third generation is particularly momentum transfer physics in the low-energy regime where

mysterious for the smaliness of the mixing angles and th(ia‘}teresting effects may be expected in both lepton and quark

huge hierarchy in masses. Furthermore, the heavy top quat ectors. We find that flavor-changing neutral currents

mass can be an indication for a new dynamics in the thir FCNC it in the lent " q idabl
fermion generation different from the first two generations. It; $ may exist in the lepton sector and are unavoidable

is interesting to investigate the idea of treating the third geni" the quark sector. As a consequence, neutrinos can mix via

eration differently from the first two generations in the con-92Uge interaction despite their zero mass. Furthermore, de-
text of strong or electroweak interactions. Fortunately, theviations from the SM predictions are expected for some par-
already available low-energy data can largly constrain such Hcular low-energy processes. For example, the decay process
picture. In this regard, several studies have been pursued in—uv, v, can impose a stronger constraint than Zgole

the literature. In the context of the quantum chromodynamicslata for some particular parameter space. Similarly, the

(QCD) interaction, we refer the reader to Reff$,2]. In the  go_go mixing and the rare decay rates of teand B me-

context of the electroweak interaction, several publishedsons such aK*— vy and B 77 u* u- are ex-
works also exist. As an example, in the context of techni->" > Ty sTT TR K

color theories, we refer the reader to R]. The idea that pected to exceed the SM prediction for some region of the
the third generation carries a separatgBWas proposed in Parameter space. Non-SM decay modes, suchBag
Refs.[4—6]. The two models in Refd5,6] differ in the as- —#& 7 , can also occur. ,
signment of the quantum numbers to the Higgs sector which The rest of this paper is organized as follows. In Sec. I,
leads to different phenomenological implications. Con-We l_anefly review the model. In Sec. Ill, we discuss the con-
straints from low-energy data on such models have been digiraints on the model from thé-pole data at LEP and SLC.
cussed in Refg5-8]. After a general d_lscussmn on the .possmle new e_ffects on
In Ref. [5], we proposed a model in which the third gen- Iow-gnergy data_ in Sgc. IV, we discuss all possible new
eration feels a different gauge dynamiegith a new SU2) physps effects{ including all FCNC processes as predicted
gauged symmetiyfrom the usual weak interaction proposed PY this model, in Secs. V and VI. We summarize our con-
in the SM. (No modification to the QCD interaction was ¢lusions in Sec. VII.
considered, because that case has been discussed elsewhere

IHowever, the assignment of the fermion quantum numbers may
*Email address: malkawie@just.edu.jo not be identical.
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Il. THE MODEL fields of the SU(2), groups, respectively[7's are the

For the detailed structure of the model, we refer the readef@uli matrices, and Twf'7°) =2555.] ,
to Ref.[5]. In this section we only outline the main features  With these definitions, the gauge-invariant Lagrangian of
of the proposed model. The model is based on the gaugd'® POson sector is
symmetryG=SU(2), X SU(2),XU(1)y. The third genera-
tion of fermions(top quarkt, bottom quarkb, tau leptonr,
and its neutrinov,) experiences a new gauge interaction,
instead of the usual weak interaction advocated by the SM.
On the contrary, the first and second generations only feel _ } a \\au_
the weak interaction supposedly equivalent to the SM case. 4 e
The new gauge dynamics is attributed to the SJ(&ym-
metry under which the left-handed fermions of the third genyhere v@,3) is the scalar potential. We assume that the
eration transform in the fundamental representatidou- first stage of symmetry breaking is accomplished through the
blets, while they remain be singlets under the SU(2) s field by acquiring a vacuum expectation valQG¢EV) U,
symmetry. On the other hand, the left-handed fermions of thqee_' <2>:(3%)_ The second stage is through the scalar

first and second generation transform as doublets under tr}'pem by acquiring a vacuum expectation value so (®)
SU(2) group and singlets under the SUf2group. The =(9), wherev is at the same order as the SM symmetry-

U(l)_Y group is the SM hypercharge group. The right'_h"’mdedoreaking scale. Because of this pattern of symmetry break-
fermions only transform under the U({Lgroup as assigned ing, the gauge couplings are related to the U(lyauge
by the SM. Finally the QCD interactions and the color Sym'comjplinge by the relation

metry SU(3), are the same as that in the SM.
The symmetry breaking of the Lie grou@ into the

1 1
Lg=5D,®TD P +2Tr(D,3D¥3)+V(P.3)

1 1
7 Whu Wi =7 B.B", @)

electromagnetic group U(l) is a two-stage mecha- i_i+i+i 3
nism. First, SU(2)XSU(2),XU(1)y breaks down into ez_gf gﬁ g’z'

SU(2).XU(1)y at some large energy scale. The second
stage is that SU(2)XU(1)y breaks down into U(1y), at an :

energy scale about the same as the SM electroweawe then define

symmetry-breaking scale. The spontaneous symmetry-

breaking of the group SU(2XSU(2),XU(1)y is accom- _ e _ e ,_ S
plished by introducing two scalar matrix fields and ® g'_sinacos¢’ gh_sinﬁsimﬁ’ 9= Coso’
which transform as

3~(22) B~ (2,) whered plays the role of the usual weak mixing angle afd
0 L is a new parameter of the model. The scalar fields, except

i.e., the field transforms as a doublet under both Sy(2) Re(@°) from the ® doublet and o from the X(=o

and SU(2), and as a singlet under U({$) On the other +i727%) matrix field, become the longitudinal components
hand, the field transforms as a doublet under SU(2as a  ©f the physical gauge bosons. The surviving &¥( field
singlet under SU(2), and its hypercharge quantum number Pehaves similar to the SM Higgs boson except that it d_oes
Yis 1. Thus, the scalar doublét carries equivalent quantum not have the usual Yukawa couplings to the third generation.

4

numbers as the SM Higgs doublet. To derive the mass eigenstates and physical masses of the
As a realization of the symmetry, tHe and ® fields 9auge bosons, we need to diagonalize their mass matrices.
transform as For g,>g, (equivalently tanp<<1), we requiregi<4m
[which implies siR¢=g%(4m)~1/30] so that the perturba-
2—>glzg£, ®—g.0yP, tion theory is valid. Similarly, forg,<g,, we require sifp

=<0.96. For simplicity, we focus on the region whexe
where g, eSU(2), 9,eSU(2),, and gyeU(1)y. For  (=u?v?) is much larger than 1, and ignore the corrections
completeness, we briefly discuss the structure of the bosafhich are suppressed by higher powers of To the order
and lepton sectors as follows. 1/x, the light gauge boson masses are found t§She

A. The boson sector

i 2 .
sin ¢)! M2 Mg (1_S|n4¢)’ )

The covariant derivatives of the scalar fields are defined M\ZNrZ MS( 1-

2-
as X cogd
DXY=9*3 +igW('S —ign2 W, where My=ev/2 sind. While for the heavy gauge bosons,
_ one finds
i
DD =g P +ig WD+ =g’ B*D, (1)
2 i?
5 5 5 X Sinf¢
My ==Mz, =Mg| — + - (6)
whereW, ;=W 7%/2 and wherew}, are the gauge boson sifp cog¢p cose

015007-2



NEW PHYSICS IN THE THIRD FAMILY AND ITS ... PHYSICAL REVIEW D 61 015007

It is interesting to notice that up to this order the heavy gaugéeft-handed leptons: (2,1). While for the third generation,

bosons are degenerate in mass. This is because the heavg assign left-handed quarks: (1,2) left-handed leptons:

gauge bosons do not mix with the hypercharge gauge bosqn ,2)_,. For all the right-handed fermions, we assign right-

field, B, . handed quarks and leptons: (Ld) whereQ is the electric

charge of the fermions. Because of this assignment, the
B. The fermion sector model is anomaly free, and the cancellation of anomalies is
Explicitly, under the SU(2x SU(2),x U(1)y symmetry, ~ Satisfied family by family.
the quantum numbers of the first and second generation fer- In terms of the mass eigenstates of the gauge boabns
mions are assigned as follows: left-handed quarks: (g,1) Z W'*, andZ’, the fermionic interaction Lagrangian is

e _ sirte — Sire ¢
int___~ BTE L TE+ (T T I S 4 T34+ T3- 0O sirdg+ ——
LY smewm’ T +T, x (T cosp—T, sm%&)}lIfLWM smecosaqfw TP+ Tp—Qsirte <
L. . e — sing ., cos¢_, sinpcosd . .
X - — - + — H - Tt — - — c+Tr '
(cog Ty, —Sirf T, )}\PLZM SM\PLy cosg | sm¢>Th oy (Th +T9) [P W,
_ sin¢ cos¢ ., simr¢cose _
+—W yH| — e 3 3+ T13-Qsi '+ ot
Smaww ARy A —— (Th+TP—-Qsirtd) |V Z, +eQfy*f'A,
eQsirf6— sin*¢ cos
O etk 2, % ). @
sin @ cosé s xcosfd #

The first and second generations acquire their massesations are generated through the Yukawa interactions as in

through the Yukawa interactions to tide doublet field. The
fermions Yukawa Lagrangian is

Lyukawa™ q’ﬁ(p[gileR"' gEZMR"' gi3TR]

the SM, the mass spectrum of the third generation must be
generated by a different mechanism. Another scerjdlitor
generating the third family masses in this model is to intro-
duce an additional scalar doublet which only couples to the

third generation through the usual Yukawa interactions. In
general, this scenario will introduce extra interaction terms to

. . ) the gauge dynamics and will modify the conclusions pre-
For the third generation one cannot generate their mass€$nied in this paper.

through the usual Yukawa ternidimension-four operators Given the fermion mass matrices, one can derive their

as it is not allowed by gauge invariance. This can be anysical masses by diagonalizing the mass matrices using
indication that the mass generation of the third family is dugjjinear unitary transformations. For example, for the lepton
to a different mechanism than the first two generations. On€qactor the lepton mass matiit, can be read out from the

? e

way to realize this is_ to assume that our proposed Symmetrl’fagrangian written above in EqE) and (9). We introduce
can be embedded in a larger symmetry at a much highgge" nitary matrices , and R, with the transformations:
energy scale. The breaking of the large symmetry is respon-

sible for the generation of the third family masses as it is also

+ VD[ g5 rt g5t O5sTrl +H.C. ()

responsible for the new nonuniversal gauge dynamics. At the e—leel, er—Riex. (10
low-energy scale this can be effectively written in terms of

higher dimension operators. For example, the mass of the tHaence, the physical mass matrix is given by

7 lepton can be generated through the following dimension- '

five operators: M3R9=| M R,. (12)

iq_szTcp[ggleR+ Osour+ Oasmr] + H.C., 9) Because the third family interacts differently from the first
A and second generation, we expect in general flavor-changing
3_ v . neutral currents to occur at tree level.

whereW=( "), andA characterizes some large mass scalé |, torms of the fermion mass eigenstates, one can easily
associated with the strong flavor interaction. It is reasonabléerive the fermion-gauge interactions using Ef). For ex-

to assume\ ~u>v, so that the mass af is about equal to ample, the left-handed neutral-current interactions in the lep-
033v. Thus, although the masses of the first and second gerien sector are
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sint¢

- ol .
—2 Sinacosa(eLML TL)'}’ |: 1+2 S|r|20+

€L

sirf¢
— LgGLe} |z,
L
e —— _ #sin¢>+sin3¢>cos¢ L si?a
Zsina(eLMLTL)Y cos¢ 020 ( sirr o)
e
LieL. | .
“singcosg|| | er
L
where
0 0 O
G=(0 0 O
0 0 1

12
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a5 v -1 2.n2 sint¢
> sngcos 0L S Y| — L+ Zsif o+ — —

sinf¢

e ——— ),r sirf¢
m(uLthL)')’ 1- X Lybgt

LIGLq

d
x| S W; +H.c.
b,

Interactions involving the heavy gauge bosdisand W’
can be easily derived using E¢7). Similarly, the right-
handed fermion couplings to the neutral gauge bozoasd
Z' can be read out from Ed7). The fermion couplings to
the photon are the usual electromagnetic couplings. As
shown above, it is evident that @,>g,, then the heavy
gauge bosons would couple strongly to the third generation
and weakly to the first two generations, and vice versa.

For the charged-current interactions in the quark sector,

Similar formulas for the neutrino sector can be derived fromgne gpserves that in the case of ignoring the new physics
Eq. (7). For the left-handed charged-current interactions, We&ffect, quark mixing is described by a unitary mathk

find

. 4 .
sin sir?
1- . xd’l_;c;Le

e -
——(e T ) YM
’_ZSinB( LML TL)Y

sing sirt¢ coseo

 coS$p  xco2d

e -
\/Esine(el' s )Y

t VeL
LeCLe W~ +H 13
— || v
+Sin¢COS¢ ue | W, FHC. (13
Vi

= LZLd which is identified as the usual Cabibbo-Kobayashi-
Maskawa(CKM) mixing matrix. With the inclusion of new
physics, the mixing acquires an additional contribution pro-
portional to siRg/x, with

LIGLy=L/LsLiGLs=VLiGLs=L]GLV. (@15

Therefore, we would expect the extracted values of the CKM
matrix elements to be slightly modified due to the new con-
tributions of the model.

In this model, lepton mixing is an exciting possibility.
Needless to say, there are already significant constraints on
lepton universality and lepton number violation from the
low-energy data. An example is the almost vanishing decay
width T, - _ c-¢+e- Which severely suppresses any possible
mixing between the first and second lepton generations.
Similarly, the experimental limit on the decay width
I',-_e-, does not favor such a mixing. Since the other lep-
ton number violation processes, especially those involving
the third family, are not as well constrained @s-eeeand

Similarly, for the quark sector we introduce the unitary #— €y [10], it is still interesting to explore such a possibil-
matricesL, andL4. In terms of the mass eigenstates onelty. Furthermore, FCNC’s can exist in the neutrino sector,

finds the following interaction terms:

o 4 sint¢
- M — —qj —
2 singcosg UL L)Y [1 3sm26 X
u
S -
+——LioL| o |z,, (14)
t

despite that the neutrinos are massless, which may induce an
interesting effect to the neutrino oscillation phenomena. As
will be shown later, FCNC’s are unavoidable in the quark
sector of the model, which can lead to appreciable effects
that can be verified or ruled out by future data on Kaon and
B physics.

In the following sections, we discuss the effect of the new
physics predicted by this model to low-energy experiments,
and derive the constraints on the parameter space of the
model from the present data. Using the latest LEP or SLC
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data we update our previous analysis in R&f. For com- 1

pleteness, we also study the constraints from current data on R.= R,SLM( 1+ [0.0794 sifig+0.549 sif ¢
a model in which only the top and bottom doublet has a

different SU2) gauge interaction, which is another possible ] ]

model of top quark interactiorid 1]. Furthermore, we shall —2.139sirB S”"Z(ﬁ])y
systematically include all the low-energy data from tau,

kaon, charm, an® physics, and identify a few interesting 1

observables that can be sensitive to this type of new physics. R,= Rf""( 1+ —[0.0794 sifi¢p+ 0.549 sik
We have also examined the one-loop contribution to the X

K9-K°, B°-B® mixing, and to the branching ratio tf—sy.
9 9 7 —2.139c033 sin2d>]),
IIl. CONSTRAINTS IMPOSED BY Z-POLE DATA
In the SM, the parametets, Gg, andM are determined Ee=(Af )S""( 1+— [10 44 sn‘hb])

through three experimental measurements, e-g.,scatter-
ing, u decay, and peak at LEP or SLC, respectively. In this
model, two additional parameters enter through the gaugeay, = (ALg)SM
sector. These two parameters can be takenaasl sirf¢ (or
equivalently, the heavy gauge boson milss and its decay
width I'z/). Similar to the SM case, it is necessary to fix the - =(AZ,)SM
input parameters, Gg, M5, sirf$, andx in this model to FBFB
make predictions and compare with experimental data. The
first three parameters can be fixed in the same way as the
SM, and the last two parameters, %nandx, will be con-
strained through available data. Because of the symmetry-
breaking pattern, the electromagnetic coupliagoincides M
with the SM value. To fix the weak-coupling constant, we ~ A;=A7
use theu lifetime to defineGg. We calculate theu-decay
width in this model by including th&V and W’ contribu-
tions. We find that, as to be discussed latér=G:" od= (o)™
(equivalentlyv=vS™) as long as one demands no mixing
between the first and second lepton familiB§ Finally, we
defirg?AMz using theZ peak at LEP or SLC, i.e.M;, M= |v|
=MZ".

In Ref. [5] we studied the constraints imposed by the
already existing LEP and SLC data, and we found that the R,=R:M
lower bound on the heavy gauge boson mass Was
=1.3 TeV at the & level. The lower limit onM,, was

1+ ;[10.44 sifp+12.14sidp sinzcb]) ;

1+ %[10.44 sifgp+12.14 coéB sin2¢]> ;

A=AM 1+ ;[5.22 sir1‘¢]) ,

1+ %[5.22 sifgp+12.14 codB sin2¢>]) ,

1
1+ [-001 sif¢—0.628 Siﬁ(ﬁ]) ,

1+ — [1+o 215 sn‘iq)])

1
1+-[-0.015 sift¢+1.739 siﬁ¢>]) ;

established for small values of $ify for larger values of _ pSM } 4 -
sirf¢ the lower bound orM. is larger. Since th&-pole Re=R™| 1+ x[o'038 sifi¢—0.549 Slﬁd)])’
physics program at LEP has been completed, it is worthwhile

to update our previous analysis using the most recent data. SM 1 i )
Following Ref.[5], we calculate the changes in the relevant Ap=Ag"| 1+ [0.068 sifg+0.157 sife] |,

physical observables relative to their SM values to leading
order in 1K, i.e., 1

Ac:AfM( 1+[0.514 sir‘i¢]) ,
0=0%M(1+ 50), (16)

whereOSMis the SM predictior(including the one-loop SM Co=(Aly)SM
correction for the observable O, andO represents the new
physics effect to leading order inXLl/We list the calculated
observables as follows:

1
1+ 15734 siﬁ¢]),

whereg is the lepton mixing angle, which will be discussed
in the following sections. In this analysis we do not include
the measurement & at SLC and the measurementAfi,

1
Ir,=T3" 1+ -[—0.896sif¢+0.588 siﬁd)]), (17)  at LEP. The quantity\ g in the proposed model is identical
X to Ag, therefore, this model cannot explain the discrepancy
between the SLC measuremefifz=0.1547-0.0032 and
1 . . the LEP measureme#d,=0.1399+ 0.0073[9]. The SM pre-
_ pSM - . . .
Re=Re™| 1+ x[o'0794 sifi¢p+0.549 Slﬁd)])’ dicts A2;=0.1040, which is more thand above the LEP

015007-5



EHAB MALKAWI AND C.-P. YUAN PHYSICAL REVIEW D 61 015007

TABLE I. Experimental data and predicted values of various electroweak observables in the SM and the
proposed model(with different choices of parametgrsfor «=0.118 with m=175 GeV andmy
=100 GeV. Case a: sip=0, sirf¢=0.04, x=20, M,=1.9 TeV, I';=490 GeV. Case b: si§=0.5,
sirf¢$=0.04, x=48 (equivalently,M,=2.8 TeV,T';=760 GeV) Case c: sfig=0.0, sirf¢=0.2, x=100
(equivalently,M2,=2 TeV,T',=100 GeV).

Observables Experimental data SM The model

Included in fit a b c
LEP1

gv(e) —0.0367-0.0015 -0.0374 -0.0374 -0.0374 -0.0375
ga(e) —0.50123-0.00044 -0.50142 -0.50140 -0.50141 -0.50132
gv(w)/gy(e) 1.02+0.12 1.00 1.00 1.01 1.02
galm)/ga(e) 0.9993+0.0017 1.0000 1.0000 1.0004 1.0000
gv(n)/gy(e) 0.998+0.060 1.000 1.027 1.006 1.027
ga(7n)/gale) 0.9996+0.0018 1.0000 1.0020 1.0004 1.0020
I';(GeV) 2.4948-0.0025 2.4972 2.4999 2.4983 2.4992
Re 20.757-0.056 20.747 20.770 20.757 20.770
R, 20.783+0.037 20.747 20.770 20.738 20.770
R, 20.823+0.050 20.795 20.730 20.786 20.730
ad(nb) 41.486+0.053 41.474 41.422 41.452 41.422
A 0.1399+0.0073 0.1484 0.1485 0.1484 0.1487
A, 0.1411+0.0064 0.1484 0.1521 0.1492 0.1523
ALB 0.0160+0.0024 0.0165 0.0165 0.0165 0.0166
ATP 0.0163-0.0014 0.0165 0.0165 0.0166 0.0166
A"B 0.0192+0.0018 0.0165 0.0169 0.0166 0.0170
Ry 0.2170+0.0009 0.2157 0.2165 0.2160 0.2165
R. 0.1734+0.0048 0.1721 0.1719 0.1720 0.1719
Afg 0.0741+0.0048 0.0744 0.0744 0.0744 0.0746
SLD

A, 0.900+0.050 0.935 0.935 0.935 0.935
Ac 0.650+0.058 0.668 0.668 0.668 0.668
Tevatron+ LEP2

Mw(GeV) 80.430-0.084 80.402 80.403 80.403 80.409
Not included in fit

ARy 0.0984+0.0024 0.1040 0.1041 0.1040 0.1043
ALr 0.1547+-0.0032 0.1484 0.1485 0.1484 0.1487

measuremenA2;=0.0984+ 0.0024[9]. The new contribu- given for m=175 GeV, «a,=0.118, my=100 GeV,
tion in this model toAZg can be found as 1/a(M3)=128.75, M,=91.187 GeV, andGr=1.16637
X105 GeVv ?[12].
1 In Fig. 1 (solid curve we show the minimaZ’ mass as a
AEB=(AEB)SM 1+ ;[5.287 sifp+0.157 siﬁ¢]), function of sirf¢ at the 2r level for the case that there is no
(19) mixing in the lepton sector. We find thd, is constrained
to be larger than about 1.9 TeVAt the 3o level, this cor-
o - ) _ ~ responds to about 1.4 TeMn Fig. 2 (solid curve, we show
which is positive and thus it worsens the d|screpancy Withhe constraint for the guantity as a function of sifp. We
LEP data. Therefore, we cannot accommodate e®Q@ror  find thatx can be as small as 20 for the smallest value of
ARg in this model at the & level. sirf¢ (=0.04), and it increases as $if increases. For ex-
Following Ref.[5] and using the most recent LEP and ample, x>90 for sirf¢>0.2. Furthermore, the quantity
SLC measurement8], shown in Table (which includes the  sjr?¢/x is constrained by data to be less than about 2
total width of theZ bosonl'z, Re, R,, R, the vectorgye %1073 for a large range of sfip.
and the axial-vectoga. couplings of the electron, the ratios e find the most important factor in constraining the free
V(w1 /9ver 9a(u,)/9ner Ats, AFg. Afg, Aes A;, My,  parameters of the model is the breakdown of the universality
the hadronic cross sectiofﬂ, Rb, Re, Ap, Ac, andAfp), property of the the gauge boson couplings to leptons.ZFhe
we update the allowed values of &handx at the 2r level.  pole observable that imposes the most stringent constraint on
The SM prediction for the observables listed in Table | isthe model isR., which is the ratio of the partial decay
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8000 —————[ IV. LOW-ENERGY CONSTRAINTS

Even though the&Z-pole data already imposes significant
constraints, this model has a rich structure that can be further
examined at much lower energy scales. In the following sec-
tions, we would like to examine those constraints obtained
from the low-energy hadronic, leptonic, and semileptonic
data. We will concentrate on the very low-energy regime,
i.e., physics at zero-momentum transfer, and examine
whether the parameters of the model can be better con-
strained than those imposed by LEP and SLC data.

To study the low-energy region, it is necessary to under-
stand the form of the four-fermion current-current interaction
at zero-momentum transfer. The four-fermion charged-
current weak interactions are given [§,13|

6000

Mgz (GeV)

4000

2000

L
0.0

=
(=}

sin2¢

FIG. 1. The lower bound on the heaidy mass as a function of
sirf¢ at the 2 level. The solid curve is including all th&-pole
data and assuming no lepton mixing. The dashed curve is including
all the Z-pole data and assuming maximal lepton mixing ¥8in  The first term refers to the SM contribution, while the second
=0.5). The dotted curve is only including the hadronic measureterm expresses the new contribution to the order.1The
ments in the fit and assuming no lepton mixing. charged currenf|" refers to the first two fermion genera-

widths of Z—r* 7~ and the hadronic modes. The measure-fions, while i refers to the third generation. For example,
ment of I'; also plays an important role secondaryRo, for the lepton sectorj,T:r,_y#vTL. We note that in the
especially for small sif, due to the high precision of data. apove formula, the charged curreffs are written in terms

It is interesting to note that, as shown in Fig.(dotted ¢ 1o \yeak eigenstates and». and not the mass eigen-
curve, without including the leptonic observables from the states L

i_chIe data, i.e., only mQUde‘N’ Ro. Re, Ap, Ac, and Similarly, the neutral-current four-fermion interactions
rg . the bounds oM is about 900 GeV at the® level. are given by[5,13]

Also, Fig. 2 (dotted curvg shows thatx>5 for sirf¢ 9 :

=0.04 andx> 24 for sirf¢>0.2. In this case, the important 4

constraint is coming from the measurementRyf. The last — (j+]3—siPOjem?+ — (j2—sirP ¢ Sirf 0 om)?,

bound is relevant for models in which only the top and bot- 2 u?

tom doublet has a different $B) gauge interactiofil1]. In (20

Table I, we also show the predictions of this model for the

Z-pole observables with three choices of the parameters

2 .+ SN2 2-+-—
—Ur+in)t —inin - (19
\ u

where,j,, refers to the left-hande@}, currents, whilej e,

sirg, and siRg. represents the full electromagnetic current of the three fami-
lies. The first term refers to the SM contribution while the
W T T [T second one represents the extra contribution. For example,
for the lepton sector,
L — (-1 — (1
]h:TLyM 7 TL+V7L7;L E VTL’ (21)

and

jem=eyu(—De+tuy,(—Du+1y,(—1)7, (22

in terms of the weak eigenstates.

For clarity, we shall separately discuss below the effects
from the lepton and quark sectors to the lepton number vio-
lation phenomena, as well as the kaon and bottom physics.

-
<

sin2¢

V. THE LEPTON SECTOR
FIG. 2. The lower bound on the parameteas a function of

sirf at the 2r level. The solid curve is including al-pole data As previously mentioned, lepton mixing is an interesting
and assuming no lepton mixing. The dashed curve is including aféature of this model. However, because of the almost null

data and assuming maximal lepton mixing £@ir0.5). The dotted ~Measurement Oﬁf—>ei?+ e andu —e y, we expect
curve is including hadronic data only and assuming no lepton mixthe mixing between the first and second lepton families to be
ing. highly suppressed. Nevertheless, fermion mixing may be
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large between the third family and the first or second family. |Lagl?|L )2

To clarify this point, we write the unitary matrik., which > <5.6x10°8 (29
is introduced to diagonalize the mass mawlx, in the gen- X

eral form

when compared with data. For the smallest possible value of

Ly Lip Lis x(~20) allowed by theZ-pole data, the above constraint

yields
Le=| L2z L22 Las|. (23
La; Lap Las |L3q?|Lag?=<2.2¢ 1075, (30)
It is easy to show that which is weaker(by a factor of 5 than the one imposed by
the measurement gii—eee Other limits on FCNC pro-
|Lag? L¥La L3Las cesses, such as—eee 7—uuwu, T—€€Eu, are not as se-
vere as the ones mentioned aboyEheir branching ratios
LIGLe=| Lail3 [Lad® Litlas]. (24) v Y

are typically bounded from above at the order of 1010].)
Lail%s Lal3s |Lsg? The above constraints on the elements of the lepton mix-
ing matrixL. can be automatically satisfiedlif;;=0 and/or
Thus, leptonic FCNC dynamics only depends on the third_,,=0, which means there is no mixing between the third
row of the mixing matrixL. In other words, we can only family and the first and/or the second family leptons. Conse-
probe the third row of the unitary matrik, through the quently, with this choice, this model predicts no transition
leptonic FCNC processes. betweenu ande leptons. Although both cases of lepton mix-
Using the expression for the four-fermion neutral-currenting are allowed, it is more natural to assume the mixing
interaction, a direct calculation of the decay widith~eee  strength between leptons to be directly related to their
yields masses. If so, one would expect the mixing between the sec-
ond and third families to be more significant than the first

|Lgq %L g2 5 _ NP and third families. Hence, in the following discussion, we
Br(u—eeg= N [(|Laif? 2 sirf ¢ sin?6) will assume that leptonic mixing is only allowed between the
second and third familie6.e., we setL3;=0).
+4 sirf ¢ sin*g]. (25 The lepton-mixing matrix has the forllan Le, given in

Eq. (24), where the matrixG is defined in Eq(12). Using the
Notice that the partial decay width gf—eeeis already of unitarity of L, and takingLs;=0, we have|L )%+ |L3g?
order 1k2. Therefore, to keep the leading contribution of =1. Therefore, the mixing matrix between the second and
order 1k% we set the total decay width, used in the abovethird lepton families can be simply expressed in terms of a
equation, to be the SM value. The above branching ratio hasne free real parameter, and th& 2 mixing matrix can be
to be compared with the very stringent limit set by datawritten as
which is less than 10% [10]. Thus, a severe constraint on
the following combination is established: Sir’g3 cosBsinB

cosBsinB  cospB (3D

||—31|2| |—32|2 sin4¢>

> =1.6x10 % (26)

where sing is a free parameter of the model for describing
the mixing between the second and third lepton families. The
As shown in the previous section, thEpole observables Pphases in the matrik [GL, can be simply absorbed in the
bound the quantity of sfig/x to be less than 210 3. definitions of the lepton fields. It is easy to see that if there is

X

Therefore, taking sfp/x~2x10 3, we get no mixing among leptons, then all the leptonic decay rates
are identical to the SM, and lifetime is not modified(This
|Lgql?|Lgg2<4%x 1078, (27)  also explains whyag=G:zM from the u decay if there is no

mixing between the first and second lepton famiiésthe
Another process to consider js—evy, which can only |epton mixing involves the third family, then the lifetime of
occur via loop correction in this model. The experimentalthe  lepton will be modified.
limit on this branching ratio is found to be less than 4.9 At this stage it is relevant to return back to the LEP and
%10 11 [10]. A one-loop calculation of the branching ratio SLC data and study the new constraints on the model if a
in the model yields mixing betweenu and 7 is allowed. In this case we also
need to include the limit on the branching ratio &f 7,
L1l agl? _ which is found to be less than X7.0"° at the 2r level
———(1+1.2sirf¢ [10]. In Fig. 1 (dashed curve we depict the new constraints
X . . ) 2
on sirf¢ andM . for the case of a maximal possible mixing,
+1.2sif¢), (28)  i.e., sifB=0.5. We find that the lower limit on the heavy
mass is reduced tM,,~1.7 TeV, which is slightly lower
which implies than that for the case of no mixing=(1.9 TeV). The reason

Br(u—ey)=8.7X10"
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for this lower bound is due to the reduced nonuniversal effind x>48. The difference in th& range, 27 to 48 can then
fectinR,. In Fig. 2 (dashed curvewe show the new con- pe interpreted as the theoretical error in our model.
straint onx, assuming the maximal lepton mixing. We find  For g |epton mixing angle si8 smaller than 0.5, the con-
that for the smallest value of Si=0.04, the value ok can  straint on the parameter is more relaxed. If there is no
be as low as 20. For si#=0.2,x>80. The quantity sif/x lepton mixing at all, then the decay width DT—>,¢[7MVT is

is found to be less than about 0.3%. It is interesting to notic%ot modified as compared with the SM prediction. Since this
thszt tﬁ‘g Iov(\;er_gogradéz_?r(]) is the Sam;’] f?; both (:l]a\sels of decay width is independent of the parametefdgifigauge

S'f 'Bn; <%n2 Slh p=0.5. The reasonh|§ h at (:jr smad va u?s coupling and the only dependence besides lepton mixing is
of si¢<0.2, the measuremeﬁtz_, which Is independent of -y, paramete (the ratio of the two symmetry-breaking
fche mixing angle sifp, plays the important rule in constrain- goales of the gauge groyphis measurement imposes a di-
'29 the galr a”.‘ﬁte‘- !n Tab?II; lf Wehglze alfewbpredmtt)llons of rect and significant constraint orfor a nonvanishing sfg.

this model with various sfig for the Z-pole observables. Another interesting process for testing this model is to

l_\Iext, we examine the other interesting low-energy lep- etectr— wuu. One can show thdtkeeping the leading
tonic processes and ask whether we can learn more about t@Sntributi on in 1% '

proposed model. We start by examining the decay process
7— uv,v.. Inthis model, both the charged and neutral cur-gy(z~— ;== u™)

rents contribute to the decay Widﬂ(T_*)lu,_;ﬂVT). Add-
ing both contributions, we find

Br(7T—u~ VT;M)
_sifBcosB
a2

(32 +8 sirf ¢ sin*6). (39

F(T_—>,u,_;#1/.,)=FSM( T_—>,U,_;MV,.)

L 3 co§,f sirB |

(sin*B—4sirt B sirf @ sirf ¢

The only modification to the total decay width, at the order This decay width will also impose a direct constraint on the

of 1/, is coming from the partial decay widtli(r~  Parameters of the model. For 0.5 and sifi¢=0.04, the
—u” v,v;). The partial decay width' (7~ —e™ vev,) is not predicted branching ratio is

modified because of the assumption of e e mixing. The 0.0025
ratio (7~ —u~v,v,)/T (7~ —€ ver,), can be written as Brir —pu pu ut)=— —.
X

(36)

I(r —p v,v,) Bt —u v,v)

! ! If we compare this effect with data which is found to be less
I(7"—e vev,) Br(v-—e ver,) than 1.9<10°° [10], the parametek is constrained to be
. above 37, which is consistent with the constrait (
3 cogBsirtB

=f(m,/my)| 1+ ———, >27-48) derived from the measurement of Br(

X —uv,v,)IBr(r—ever,).

(33 Other processes to consider is the lepton number violation
processr— w7y, which can only occur in this model at the
wheref(m,/m,) is a phase factor given 4] loop level. For this process, up to the ordex, there are four
diagrams which contribute to the one-loop amplitude, Two
f(y)=1-8y*+8y°—y®—24y“In(y). (34 of those diagrams involve either twb or two W' exchange.
The other two diagrams involvg or Z' exchange(due to

Hence, an increase by a factor of 3%@sin’ix is expected FCNO). A detailed calculation of the branching ratio yields
in the above ratio.

The_ experiment&l measurement of I'(7 sir? 8 co3
—p )T (1" —€e ver,) can directly constrain the Br(r—py)=1.5x10"* (1+1.2sirf¢
quantity co4sir’/x. As shown by the Particle Data Group X
(PDG [10], for the ratio T(7 —u v,w)/T (7 +1.2sirf¢). (37)

—e vv,), the average of the available experimental data_ . o
yields 0.978-0.011 while the result of a global fit gives 'NiS result has to be compared with the limit imposed by

0.976+0.006. In this model, new decay channels for the data(less than 4.2 10"° [10)). For a maximal possible mix-
lepton can occur, e.gr— uuu and7— wy. However, as to ing effect, thg pr_e_sent I|m_|t on the a_lb_ove branching ratio is
be discussed below, their decay widths can only be modifiefOt Of any significance in constraining the values of

at the order 2. Thus, to the order %/ we can use both

data, the average and the fit results, to constrain the param-

eterx. Using the PDG data average and assuming a maximal

lepton mixing siRB=0.5, we findx>27 at the 2r confi- 20ur prediction for Brg— wu ) is slightly different from that in
dence level. On the other hand, using the PDG fit result weef.[7].
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The final leptonic observable we consider is the anomaFCNC’s must occur in the interaction of quarks to gauge
lous magnetic dipole moment of the muaz)ﬂz%(g—Z)#. bosons.
A precise measurement af, is underway at Brookhaven First we make the following observation. Assume neither
National LaboratoryBNL) with a perspective godll5] of up- or down-type quark sectors has FCNC, i.e., assupe

(andLy) has the general form
AajP=4.0x10"". (39
Uy Up O

At this level of accuracy, higher-order electroweak correc- Ly=| Uy up 0. (41)
tions become important and new physics at higher energy 0 0 u
scales can be probed. 3

The one-loop electroweak contributiondq as predicted

; ; i it -
by the SM is[16] It is straightforward to show thdt ,GL,=L;GL4=G and

that the charged-current mixing matrM=LZLd has the
aveak 19 5¢ 1010 (39) same geperal form ds, andLg. This means thay will only_ .
m mix the first and second generation, i.e., the CKM matrix is

In our proposed model the one-loop electroweak contributiorﬁ 2x2 matrix. Therefore, uniess we assume the existence of

is modified due to the modified couplings and the new heavy ENC Sc'jn éhe quark sector, this mr?del Cir;nOtngELam. some
gauge bosons. We calculate the new contributiom tat the =~ C0>C'Ved CE€Cay Processes, suc Bis—J/(1S)K?, in

one-loop level. We find the new contribution to the anoma-which b—cW* — ccs whose branching ratio was measured

lous magnetic dipole moment to be to be (7.5:2.1)X 104 [10]. Hence, FCNC’s must exist in
the quark sector.
sirt Based on the above observation, FCNC data in the quark
M~ ale—. (400 sector can be used to further test this model. FCNC's in the

X : . . -
quark sector can be realized in three possible way#n the

down-quark sector onlyji) in the up-quark sector only, and

(iii) in both sectors. All the three possibilities have to con-
front the large body of existing low-energy data. In the fol-
lowing, we investigate these three possibilities, separately.

Using theZ-pole constraints, for a maximal mixing, 3
=0.5 andx=20 we conclude that the new contribution does
not exceed the level of 025107 °. Therefore, the predicted
new effect toa, is too small to be detected even at the
perspective precision at BNL. S
In conclusion, assuming the third family lepton does not A. Mixing in the down-quark sector
mix with the first family lepton, then the partial decay widths  Here, we consider the case that only down-type quarks
of u—eee u—ey, andr—ev.r, are not modified. How- can mix, so thaﬂ_EGLu=G, and LQGLd=VTGV. In this
ever, for the maximal mixing case, the measurement of thease, the quark interactions to the gauge bosons are given in
ratio F('T—> ,LL;/'LVT)/F(TH e;ey_r) constraint the parameter Eqg. (14)W|th the-above Supstitutions. Similar to the SM case,
x>27-48. Also the lepton number violation process the mixing matrixV contains the same number of indepen-
— ppu provides the constraint>37 consistent with the dent parameters, namely, three real parameters and one
above measurement. Therefore, the above two measuremeRfdase. Therefore, there is no extra parameter in the quark
give a stronger constraint than tfEpole data for sifyy ~ Sector in spite of the new features of the mod_el. This implies
<0.1 (cf. Fig. 2. On the other hand, given the current ex- that FCNC processes are completely determined by the ma-
perimental data, the decay process uy and the anoma- Irix V in addition to the other two parameters “ghnand x.
lous magnetic dipole moment of the muon have not yefThe matrixV'GV can be explicitly written as
played a significant role in constraining the model. Neverthe- V2 ViVE, ViVE
less, if the above discussed processes can be measured to a td ts¥td Vb Ttd
better accuracy in future experiments, they can further test VIGV=| VgV [Viel?  VipVE | . (42
the proposed model. In discussing the predictions of our ViV ViV V|2
model to other low-energy processes we will use the range d¥tb  VisTtb tb

x=20 for sirf3=0.0, andx=48 for sirf3=0.5. It is interesting to notice that the matrix elements\8iGV

are naturally small, so that we generally do not expect large
VI. THE QUARK SECTOR effects in FCNC processes.

The quark sector has a far more rich structure than the
lepton sector in this model. To completely describe the in-
teractions of gauge bosons and quarks, it requires two mix- In general, this model predicts new contributions to
ing matricesL, andL4 because both the up- and down-type charged-current processes as well. Under the down-quark
quarks are massive. As noted in Efji4) the neutral-current mixing scenario, the nonstandard contribution to charged-
mixing matrices [JGL, and LiGLy) are related to the current processes is given in EQ9), wherej, =t y,by,
charged-current mixing matrixLCLd). Because of the ex- written in terms of the weak eigenstatgsandb, . Since we
perimental evidence of the CKM matrix in charged currentsassume no FCNC's in the up-type quark sector, the top quark

1. Charged-current phenomenology
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does not mix with the other up-type quarks at tree levelcorrespond to a change in the transition amplitude by less
Furthermore, for the low-energy charged-current observablethan about 20%. Although the mass difference betwiégn

(with momentum transfeg® much less tharM%), the top

andKg states has been measured experimentally with a great

quark does not contribute at tree level. Hence, we concludaccuracyabout 0.4%, the theoretical uncertainty in the long
that under this scenario, no new physics effect to the lowdistance part of the contribution remains to be improved.
energy charged-current interaction is expected at tree leve{Currently, its uncertainty is about 40% to 6(%].) To use
Therefore, the values of the CKM matrix elements extractedhe K°-K°® mixing data to further test this model requires a
from low-energy charged-current data coincide with those irpetter understanding of the long-distance contribution.

the SM.

2. Neutral-current phenomenology

It is well known that the rare decay proceés — 7" vv
is one of the best places to search for new physics. This is
because its decay rate has a small theoretical uncertainty, and

On the contrary, the neutral-current hadronic and semilepthe long-distance contribution has been estimated to be less
tonic interactions can be modified at tree level for the case othan 102 of the short-distance contributidi20]. Recently,
down-type quark mixing. The nonstandard contribution toE787 collaboration reported the first observation consistent

neutral-current processes is given in E2Q), wherejﬁ con-

with this decay rate and obtained Br{ — =" vv) 4. 2f

tains bL?’M( 1/2)b, , written in terms of the weak eigen- x10 1° [21]. The branching ratio predicted by the SM is
state. In terms of the mass eigenstates, the following currentgySM(K + _, 7+ 3,)) =(9.1+3.8)x 10 %, where the error is

are generatedvtd| dLyydLi |VtS| SL’}//.LSL’ |th| bL'}’p,bLy
VigVisdLyuse, VigVipdLy,be, and VigVips, y,bL, whose

effects to low-energy FCNC data are discussed as follows.

The first interesting process to investigate is K2K°

dominated by the uncertainties of the CKM matrix elements
[22].

Since under the scenario considered, this process can oc-
cur at the tree level through the flavor-changing neutral cur-

mixing, whose transition amplitude receives in this model €nt s—dZ—dw, it can be used to test the model. The

new contribution at the tree level. Up to the order of, 1t is

2o,

T=

(VigVE) A sy, d s y#dL ] (43)

expected branching ratio, normalized to the predicted
branching ratio folk " — 7% v, can be written as
Br(K"—ax™ V;) 1

1 [ Vil2Vil?
Br(K*—mletv,) 4x2

Vsl

(47)

In the SM, ignoring the QCD corrections, the short distance
transition amplitude induced from box diagrams for thelt is obvious that the partial decay width &f" — 7%" v,

KO-K° mixing is given by[17,18

282
TM=——F[N2S(yo) + AZS(Ye) + 2N A S(Ye )]
X[syy,d ][s v d,], (44)
where y.=mZMZ, y=miMi, A=V'Ve, X\

=ViVy, and the functionsS(y) and S(y.,y;) are the
Inami-Lim functions[18]:

G191 3 1 3[ vy 3|
=Yz T 31y 2 (1-y)?2| 2|1-y e
2

yi—8y;+4 3 v

Y= —YeInyetye T —

S(Ye Yt YeINYcTYe 4(1_yt)2 t 4yt_]_‘|
(45

predicted by this model coincides with the SM prediction at
tree level for the undertaken scenario that the third family
lepton does not mix with the first family lepton. Therefore,
assuming the experimental data Bi{— 7e" v.)=(4.82
+0.06)x 10 2 [10] to be consistent with the model, we can

compare the predicted B&(" — 7" v?) with the E787 result.
After spanning all the allowed values of the CKM elements,
we find that

— 1.ax10’

Br(K+—>7T+VV)S 5 ,

(48)
X

in WhICh we have mcluded all three neutrino species, i.e.,

VVy, V.V, v, v, andv,v,, so that the lepton mixing
angle dependence cancel. Comparing this branching ratio
with the E787 result, we can set a lower bound7 at the

20 level based on one observed event. ¥o120 (as implied

by Z-pole datg, this branching ratio is smaller than about 3

x 10710 which is however larger than the SM prediction by

When comparing the nonstandard and the SM amplltudemmost an order of magnitude.

which is proportional to tha M ratio, we find approximately

AM T 4
AMSH T X 49

in which we have usedn,=175 GeV, m;=1.5 GeV,

The measurement of BK(* — 7" vv) is highly valuable
in our analysis because it is independent of the parameters
sir’B and siff¢. It directly constrains the parameterinde-
pendently of the other parameters. Hence, an improvement
on the measurement of this branching ratio is very important
to test this model.

Myw=280.4 GeV, and all the CKM elements are taken from  Similarly, this model predicts nonstandard effects for bot-

Refs.[10,19. For x>20 (implied by Z-pole data, it would

tom quark physics. The important process to consider is
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Bo-BY mixing where a new effect is expected to occur at tregvhere f(z) is given in Eq.(34) and wherez=m./m,

level. The tree-level transition amplitude is found to be ~ [22,23. Using the experimental data Br(>cu v,)
= (10.5+0.5)% [24], we get
B V2Ge
B

T ViV lauybla oy bl (49 2.1x10°2

Br(b—su u*)= -z (54)

The new contribution can be compared with the SM predic- . .
tion which is given by P P after spanning the allowed values of the CKM matrix ele-

ments with siRB=0.5 and siRp=0.04. To agree with the
GZM2 CLEO upper limit, 5.8 10 ° [25], x is found to be larger

TSM=_—F 2W(quVm)z[QLV,LbL][CILV“bL]S(yt), (50) than 19, YVhICh should be coEnpared with t_he bound (
™ >48) obtained from the Br(— uv,v,)/Br(r—evev,) data.

To reach the same sensitivity as thelecay for sii3=0.5,
where S(y) is given in Eq.(45) with y;=mZ/M3,. After  the measurement of Bi(~su u*) has to be improved by
substituting all the relevant variables by their numerical val-a factor of 10, although in general, they have different de-
ues, we find pendence on si8. An old UA1 upper limit on Brp

—su~ u)<5.0x10 °[26] is slightly better than the recent

AMg T 7 CLEO limit. The old UA1 upper limit constraing to be
. R — (51 larger than 20.
(AMBq)S"’I TSM X With the assumption that lepton mixing is only present
between the third and the second generation, there is no new
With the limit onx (>20) imposed by th&-pole data alone, contribution to the decay rate af—se'e . If we assume
we expect the new contribution to reach the level of 3609¢N€ opposite, namely that mixing is significant between the
for the small possible values af In the case that the third fIrSt a'ld third generation, then we expect thf decay rate of
and the second generation fermions mix with the maximaP—S€ € to dominate the decay rate bf-su " u . Since

— . the CLEO bound on Bt{—se'e™), less than 5.%10 °
strength, the Br— v, v;) data requires>48, so that the [25], is similar to the bound on the . channel, we expect a

new contribution to thég-Bg mixing is expected to be less gimilar conclusion on constraining the parameteFurther-

than 150%. . more, the decay rate &f—se"u ™ is highly suppressed be-
The measured value dfMg =0.47050.019 ps~ [10]  cayse of the severe constraint on éhg mixing established

can be used to find the CKM elements prodii¢tV;, from the decay ofu—eeeandu—evy, as discussed in Sec.

which yields|V 4V}, | =0.0084+ 0.0018 for the SM10]. In V. On the other hand, the branching ratio Br¢su™7")

the proposed model, the prediction Mg is larger than predicted in this model is of the same order as IBr(

the SM value by a factor 72k (adding both SM and the —St~ ). In the limit of ignoring the mass difference be-

new effec). Therefore, the extractel¥,qV7;| will be modi- ~ tWeenr and, it can be obtained from Ed53) by muilti-

fied accordingly. For example, for=20, we find 0.0022 Plying a factor of 2 cdig and setting sffyy=0. Since this

<|V,gVZ | <0.0056 at the & level. This shift is not expected d€Cay Mode is absent in the SM, it can be very useful to

. S ” further test the model.
o appreciably affect the unitarity conditigao] Similarly, our model predicts a tree-level contribution to

V| 2+ | Vool 24 | V| 2= 0.98+ 0.30. (52) t[he processt)—>3vv,_wh(?se.branching ratio, when normal-
ized by Brb—cu " v,), is given as

For example, forx=20 the deviation from unity will be of — )

the order~ (72k)|V4|2<7% 10 4, which is much smaller Br(b—svv) 1 |VigVy| 55

thgn the present errors. Also, 'it is clear that the predicted Br(bﬁcﬂfjﬂ) 4x? |V |?f(2)

ratio AMg_ /AMg_in our model is the same as the SM pre-

diction. Therefore, the extracted ratj¥,q/V,4 vields the —Wheref(2) is givenin Eq.(34) andz=m;/m, [22,23. In the

same SM result. above result we summed over all neutrino flavors, therefore,
Next, we consider the CLEO limit on Bo(»s/*/ ") the sirf3 dependence cancels. Using the experimental data

and study its impact on the model. At tree level, the expecte®@r(b—cu ™ v,)=(10.5+0.5)% [24], we conclude

branching ratio is given by

Br(bo 57} 9.1x10 2 56)

_ r((b—svy)s ——

Br(b—su~ u™) 1 [VisVip|? x?

N A2 1280

Br(b—cu v,) 4x* [Vepl*f(2) after spanning the allowed values of the CKM matrix ele-

X (sin B— 4 sir B sir ¢ sirf 6 ment;. 'It is interesting to notice @hat t'he'predicted branching
ratio is mdepg\dent of st® and sirf¢ similar to the case of

+8 sirfosinte), (53 Br(K'—a"vy). To agree with the experimental upper
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limit, which is 3.9x10 4 [27], it requiresx>15, indepen-

dent of the parameters $ip and sitg. Currently, for Brp
—swv) to reach the same sensitivity asdecay for sifg

=0.5, the measurement of Br{~svv) has to be improved

by a factor of 10.
Another interesting process to consider is the deBay
—/"/ . At tree level, the decay rate is given by

Gifg, mg m§|thth|2
I'(By—7"77)= a1
q

47X

4m2 3/2
X (cogB—4 sinzasianS)Z(l——zT) .
Mg

(57)

Using the values c88=0.5, sirf¢=0.04,mg =5.369 GeV,
and fg =0.23 GeV [28], the branching ratio B
—7777) is given as

4.6x10°3

Br(Bs—7'77)= 5

(58)
X

For x=48, it corresponds to BBg—7'77)=<20

%1078, which is of the same order as the SM prediction

[22]. For the proces8y— 7" 7, with mg,=5.279 GeV
and fg =0.18 GeV [28], the branching ratio By
—777) is given as

2.4x10°%

- (59)

Br(By— )=
X
For x=48, it

corresponds to BBy—7 7 )=<1.0

PHYSICAL REVIEW D 61 015007

X108 [29], by about two orders of magnitude. Similarly,
the branching ratio oBy— u* u ™~ is given as

2.0x10°6

Br(By—p 1) = =3 (62)

For x=48, we find Br8y— u*u~)=<8.8x10 1% Again,
this result is smaller than the experimental upper limit, 8.6
X 10" 7 [29], by three orders of magnitude.

Finally, we note that in this model, with lepton mixing, it
is possible to have the decay modesBgfs— u™ 7, which
are absent in the SM. In the limit of ignoring the mass dif-
ference between and u, with maximal lepton mixing, their
branching ratios are about twice those for the modes.
Hence, detecting such nonstandard decay modes can further
constrain the model, especially on the lepton mixing param-
eter sifg.

In conclusion, under the down-type quark mixing sce-
nario, the decay width oK™ — 7% v, is not modified at
tree level, assuming the third family lepton does not mix
with the first family lepton. The branching ratios &f"

— o vy can be an order of magnitude larger than the SM
prediction, and can be tested at Kaon factories. The effect on

the K°-K® mixing is of the same order as the SM prediction,
which can prove to be useful if the long-distance contribu-
tion can be better understood theoretically. Similarly, the

branching ratio Big— svv) is modified and can be an order
of magnitude larger than the SM prediction. Furthermore,

since the branching ratios B¢(— =" vv) and Br{

—svv) do not depend on st and sifB, they can be ex-
tremely useful in constraining the remaining parameter

The current data on the branching ratios 8f g
—7 7 u u" andb—su u*,se e’ does not impose a
better constraint on the model than that by #ipole mea-
surements. However, with a much larger statistics of the data
in the B factories, we expect it to be improved. Since this

%1077, which is again of the same order as the SM predic/model also predicts non-SM decay modes, such bas

tion [22].
Next, consider the decay rates Bf y—u " u ™. At tree
level, the decay rate is given by

22 2 2
GFqumqu,u|thth|

I'(By—p p )=
aH K 47X

2
Bq

4m2 3/2
X (sirPB—4 sinzasin2¢)2( 1——“) .
m

(60)

Using the values sfB=0.5, sif¢p=0.04, and fg_

=0.23 GeV[28], the branching ratio BB, —u"u") is
given as

3.8x10°5

Br(Bs—u " u )= 2 (61)

For x=48, we find Br8s— u* u~)=<1.7x 10" 8. This result

—su” 7" andBgq—u* 7", with comparable branching ra-
tios, they should be measured to test the model prediction on
the lepton mixing dynamicé.e., sirf8 dependende For the
range of the parameterconsistent with th&-pole data, it is
found that in this model a new contribution to tiBg-B°
mixing can reach the range of 150—360 %.

As a summary, in Table Il we give the lower bound on the
parameterx derived from including the low-energy data as
well as theZ-pole data. We consider two cases. Case |I: No
lepton mixing (siR 8=0). Case Il: Maximal lepton mixing
(sir? 8=0.5). In both cases we set $ip=0.04, since it cor-
responds to the minimal value of Also, in Table Ill we
tabulate the predictions of this model for various decay pro-
cesses. Two cases are considered, one féBsif.0 andx
=20, another for sitB=0.5 andx=48. For both cases we
set sif¢=0.04.

B. Mixing in the up-quark sector

In this section we assume that no mixing occurs in the
down-type quarks, so thatiGLy=G, andL/GL,=VGV'.
In this case, the quark interactions to the gauge bosons are
given in Eq.(14) with the above substitutions. Similar to the

is smaller than the current experimental upper limit, 2.6case of down-type quark mixing, the FCNC interactions are
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completely determined by the CKM matriX and the two
parameters sfip andx. The matrixVGV' can be explicitly
written as

|Vub|2
VeoVib
ViVib

VuVer  VunVip
|Vcb| 2 Vcbv?b
VioVap Vil

VGV = (63

Again, because the elements of the mawidGV are natu-

PHYSICAL REVIEW D 61 015007

increase in thé-quark semileptonic decays as compared to
the SM. As an example, the branching ratio &f
—D /*"vandBY—D_ /" v is predicted to be

(67)

where all the three leptofincluding neutring flavors are
included. (Note that the sif3 dependence cancelaVith x

2
1+=
X

Br(B°—~D /" »)=Br*M(B°~D /")

rally small, we do not expect large effects in the FCNC pro-~ oq imposed byZ-pole data, we do not expect the new

cesses.

1. Charged-current phenomenology

physics effect to exceed 10%. Because of the large uncer-
tainty (exceeding 25%210]) of the present data, these pro-
cesses do not offer a stringent constraint on the model. With

The nonstandard contribution to charged-current proimore statistics of the future data, these decay processes can
cesses is given in Eq19). In terms of the mass eigenstates be useful for constraining the paramexer

and assuming no mixing in the down-type quarks,con-
tains the following charged currents:

Jn =VupUL ¥,bL VerCL bl Vit Ly,.bL - (64)

It is important to note that only thé quark, among the
down-type quarks, appears ji , which implies that new
effects in the charged currents must involve thejuark.
Because the nonstandard contribution has the i@y , the

Under this scenario, we conclude that the values of the
CKM matrix elements extracted from tree-level processes
not involving theb quark are not modified by the model. In
other words, the extracted values of the CKM elemeévitg,

Vs, Veq, @and Vg, for the SM and this model coincide.
However, the matrix element¥,, and V., are modified
slightly. To explore this effect, let us consider the transition

b—uu~v,. Its amplitude is modified wittv,,, replaced by
Vp(1+ sir?B/X). Therefore, the extracted experimental value

only nonvanishing effect we expect in the pure hadronicof v/, = assuming the validity of the SM, is equivalent to the

charged-current interactioat the leading order in &) is
that with ab quark in both currents, i.e., withB=0. There-

quantity V,,,(1+ sir?g/x) in this model. From the data, the
unitarity condition for the SM reads 449]

fore, no new effect is expected in any of the hadronic decay

channel ofK, D, andB mesons.

[Vudl?+ [V 2+ [ V| 2=0.997+0.002. (68)

Next, let us consider the semileptonic decay processes.

The relevant hadronic currents are

VupUL Y0 VerCLy, b, (65
while the relevant leptonic currents are
Sir‘z,BMLY#VML ) Cogl[gTL’Y,U.VTL ,
SiNBCOSBuLY, V., SINBCOSBT Y, v, . (66)

It is clear that new effects in the charged-current semilep-

tonic decays are only expected in thequark system. Ex-
plicitly, the decay processéds—u(u,7)(v, ,v,) will receive

Hence, at the & level, we conclude that=0.05sirt3. It is
clear that the unitarity condition does not add any useful
constraint on the model after testing against Zhgole data
which requiresx> 20.

2. Neutral-current phenomenology

First, let us consider neutral-current processes of hadron-
hadron interactions. In this case, the relevant neutral currents
are

b, (69

L= (1 — 1
Jh:tLYM E tL!bLyu _E

new contributions induced by the following interaction \yritten in terms of the weak eigenstates, which yields the

terms:

2V2GeVyy L, — _
TFb {Sin?B(UL Y, b)) (L YV,

coSB(uLy,b ) (7Y v},

2\2GgV,,sin B cosp
X

{(uLy, b)) (wL v v),

(UL y, b)) (T v v,

following four-fermion interaction current in terms of the
mass eigenstates:

Vol ?UL v, UL Veol el yuce  VupVepUL vc - (70
In the four-fermion neutral-current interaction we notice that
thed ands quarks will appear only through the electromag-
netic currentlq, [cf. Eq. (20)]. Because of the structure of

the neutral-current interaction, new physics can only contrib-
ute to processes witAB=0. Thus, neither th& hadronic

decay nor theB®-B° mixing is modified at tree level in this
model. Similarly, we conclude that new effects must have

A similar expression for théo decay to the charm can be AS=0 in pure hadronic interaction. Therefoi€?-K® mix-
obtained withV, replaced byV.,. Hence, we expect an ing is not modified. We conclude that new physics effects, in
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the pure hadronic decay modes, are only expected in thehich can be two orders of magnitude larger than the SM
c- quark decay channels and also in th%.Do m|x|ng Nev- short distance contribution. Therefore we find in our model

ertheless, the new physics contributions to the hadronithe measurement db°-D° mixing case to be interesting
c-quark decay modes are naturally small because the FCN®ith an expected enhancement in the short distance contri-
couplings predicted by this model at tree level are suppressdalition when compared with the SM case.
by products of CKM matrix elements. This leaves the possi- Second, let us consider the semileptonic decays. Again,
bility of new physics in theD®-D° mixing which we inves- ~We do not expect any new effects in thejuark semileptonic
tigate here. The SM short distance contribution8-D° decays because of the requireméri=0. Effects are only
L . SO expected in the charm decay where we get interactions of the
mixing is highly suppressed relative to the’-K°® mixing

— form
[30]. The short distance SM amplitude BF-D° is given, to
leading order, as V2G¢ — -
VipVeo(ULy*C ) [SIP By ¥kt
TSM GEM‘Z’VA A ms (0+20") (72)
= + "), . . —
a2 T MEm? — 2SI sifo(uy,m)] (80)
wherem, is the strange-quark massy. is the charm-quark Because of the large suppression faci,V., and large
mass\s=ViVys, N\g=ViVyq, and error on present experimental data, it is extremely difficult to
- - gain any further information about the model from the semi-
O=[uLy,CcLllu y*c.], (72 leptonic decay channels of charm hadrons.
The only suspected new effect in thequark system is
O/Z[URMCR][URVMCR]_ (73)  through theY(1S) decay. In this case, the decay proceeds
) throughbb— y,Z,Z' — u™ u™. At tree level, the new contri-
Therefore, one findg30] bution is expressed through the interaction term
GZM\ZN me 8 2Gg [ — 2 —
Ampg~ — " Re\ha)s 3me%, (74) J—X %[ (bLy#by) 5 sirg sirPo(by“b)
wheremp, is theD® meson mass anft is its decay constant. X[SIPB(pL Y, L) —2 SirP ¢ SOy, )] (81)

Numerically, we find
For very small values of st and for large possible lepton

Amg¥'~0.7x10""" GeV, (79 mixing (i.e., large sifg), we can approximate the above in-

teraction relevant t& (1S) —u* ™~ as
where we used the valuesp,=1.864 GeV[10] and f

=0.2 GeV[30]. The dispersive contribution to thg°-D° V2Ggsitg — _

mixing is not well determined and different calculations es- (bbb (mLyum)- (82
timate the effect to be one to two orders of magnitude larger

than the short distance effef@0]. Thus, the SM prediction Needless to say, the dominant contribution to ¥ELS)

for the D%-D° mixing is still too low as compared with the decay width is coming from the photon exchange. The non-

experimental upper bour{d 0] standard contribution predicted by this model can be esti-
exp 13 mated as follows. The amplitud¥ (1S)—/"/~ can in
AmpT<1.6X10" ™ GeV. (76)  general be written ag2]
This leaves a [ienty of room for new physi_cs effect contrib- dora
uting in theD?-D° mixing. In our modelD%-D® mixing can T(Y(18)—/"/7)=——=5(0[(bb)y|Y)[ry(//)v
occur at the tree level under the up-quark mixing scenario. 3My
The amplitude is .,
P +1A(/)al. (83)
Tnew— V26 F(V WVub)? [ULYMCL][ULV“CL] (77) For the dominant photon contribution,=1 andr,=0. In

the case of ther lepton mode, these couplings in the pro-

Therefore, we find posed model will be modified into

2
\/EG 3M% cogpB
new_ 2 ry=1- —m—5—, (84
ArnD qub) meD . (78) v 16 Slr?HM \ZNX
For x=20, the new contribution gives 3M§ codB
[y 85
AMI<0.15¢ 10" GeV, (79) A 16 sifoM2,x (89
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A similar relation holds for thew lepton mode, but with Next, let us consider thB,-B, mixing. The leading SM
cogp replaced by sifB. The ratio of ther lepton decay rate one-loop amplitude is given in EG50). Similar to thek 0-K©

to the u lepton decay rate is case, we include the additional box diagrams that contribute

L(Y(1S)—7"7) at the order X, we find

Fr(Y(1S)—u"u) T AM, _23ir12¢_2.24sin4¢.

5 . TSM AM qSM X (89)
T mT
= 1_4M2 ( 1+ 2M2 ) Using theZ-pole constraintX>20 for sirf¢>0.04), we ex-
Y Y pect the new effect on the amplitude not to exceed 0.4%
3M§ relative to the SM. Therefore, we do not expect a large new
[1— .—Z(COSZ,B—SiHZ,B)], (86)  effect on theB,-B, mixing at the one-loop level for the case
8 sirf oMy of trivial Lg.

Finally, let us consider the decay bf-sy. The SM am-

which amounts to a new effect of the order plitude for the procesb— sy is given by[31]

eq?

1
x Tv:;vm)[mh ¥6)(2p.6 =€, 7 U]

—2.3X10 %= (cogB—sirtp). (87 1m

TSM: _ P
1672 M?

Therefore, the expected maximal deviation is less than
+0.1%, forx=20. (It vanishes for the maximal lepton mix- X{T1+Ta}, (90
ing scenario, i.e., for sfiB=0.5) The current experimental
error is at the percent levgl(Q], so that it does not provide
additional constraints on the model. However, it is interest-

where

ing to notice that the sign of the deviation is governed by the T,= 1 [y_4+ E 3_ §y2+ 1 — §y3In yl, (91
difference co43—sir’B. Future measurements with much (y-1)42 4 2 4° 2

less error can be used to determine the lepton mixing angle.

Finally, we note that the non-SM decay mod&(1S) Q, [y* 3 3 1 3

—u 7" is expected by this model with a branching ratio To= a7 §y3+ Zy2+ Syt Eyzlny , (92
less than 4 10 0. Since this decay process is not allowed (y=1)

by the SM it can provide a significant constraint on theanth=2/3 is the electric charge of the top quark.
lepton mixing parameter siB. I thi del. theb litud il be sliaht
The above discussion is valid for tree-level contributions. . '+ S MOdel, theb—Sy amplitude wil be Slghtly

We now consider whether one-loop effects can be significan‘fhanged due to fche modified couplings. The only (_Jllag_rams
KRKO BO-BY mixi q we need fco consider are the usWIexchange_ penguin d_|g—
to some observables, such as » B7-BTMIXINg, and  grams. Since the fermion couplings are slightly modified,

the decay branching ratio @f—sy. these diagrams will contain an extra contribution with re-
spect to the SM. The penguin diagrams viitti exchange do

not contribute to the order ¥/ We calculate the new ampli-

In the SM,K°-K° andB°-B° mixing are induced via one- tude as predicted by the model and compare it to the SM one.

loop W-W exchange box diagrams. In this model and unde/After substituting the values d¥l\, andm;, we find
the scenario of a trividl 4, theK%-K° andB-B® mixing can _ _
T sirf¢ sint¢
+ 1.4T.

3. One-loop effects

occur at the one-loop level through box diagrams involving 17
the exchange ofV and/orW’ gauge bosons. In addition to TSM X
the SM diagrams, there are four box diagrams with tvie
and oneW'’ exchange. Diagrams with twé/" exchange do Therefore, for theZ-pole limit (x>20), we expect the new
not contribute at the orderxbut at the higher order 27. contribution not to exceed 0.3% of the SM.

For the case oK-K° mixing, we calculate the one-loop [N conclusion, under the up-type quark mixing scenario,
amplitude and compare with the short distance contributiorthis model does not modify thk°-K°, B%-B® mixing, and
of the SM. Substituting the values &f,, m;, m., and the the decay width ob— sy at tree level. The one-loop effects

(93

Vckm elementd10], we find on these observables are small, and do not exceed the level
of 0.4% of the SM values. In general, we conclude that the
T AM —3Si”4¢ up-type quarks mixing scenariq can hardly be examined
TN mg'&l’rx 10°——— (88)  against the low-energy data available so far.
Since constraints imposed by thE-pole data require C. The general mixing scenario
Sirf¢/x<0.3%, the new effect on thi%-K° are extremely In this section, we consider the general case of both types
small and of no relevance to the discussion. of quark mixing, i.e, where both, and L, are nontrivial.
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The charged -current mixing matrixis defined the same as Hence, the combination of thé™ — 7+ v and K°-K° mix-
before, V=L]L4. The interaction Lagrangian can be ex- ing data directly constrains the magnitude |df,ds,| be-
pressed using two matrix structures, suchvaandL{GLy.  cause the explicik dependence cancels. =20, the non-

In this casel [GL,=VL{GLgV". Therefore, under the gen- standard contribution iK°-K® mixing can be as large as
eral mixing scenario there are additional free parameters ifvice the SM short distance contribution.

comparison with the previously dlscussed two cases. The Next, we use bottom physics data to constrain the second
additional parameters appear in the matrjGL,, where additional free parameter. Consider the decay batesvv.

The expected branching ratio, which is independent of the

2 * *
|darl®  d3idez 3y parameters sfigp and siriB, is given by

LIGLy=| dsid3, [dad® d3das|. (94)

dgd3; dgpdi;  [dagl? Br(b—svy) 1 |dgdagl? 99)
Since the unitarity condition implies thaitlg?+|dsy? Br(b—cuv,) 4 Vel *f(2)
+|dsg2=1, there are only two additional free parameters o _ _
which will be assumed to be real numbers hereafiéddi-  Wheref(z) is given in Eq.(34) andz=mc/m,. Using the
tional phases can be generated which would signal a newxperimental data, Bo(—cu ™ v,)=(10.5+0.5)%[24] and
source ofCP violation.) Br(b—svr)<3.9x10 “ [27], we obtain the constraint

The general case is more tolerant and able to accommo-

date low-energy data because of the additional parameters. | daytlad
Nevertheless, as to be shown later, we can set significant <2.9x10 3 (100

constraints on some combination of those additional param-

eters. In the following, we shall examine a few relevant tree-
level FCNC processes. For x=20, it requiregd;,ds4 <0.06. Next, we consider the

As a start, we consider the dect#y’ —m*vv. As dis- BY-BY mixing. A straightforward calculation of the new
cussed before, this process can occur in this model at trgshysics effect to th@?-ﬁ? mixing compared with the SM
level through the flavor-changing neutral currest-dZ  contribution gives

—dvv. The branching ratio of this process can be obtained

from the ratio T AMg Re(d%,d33)2
_ Br(K'—amtwr) 1 [[dgy?|day® 95 ™ (AMg) X
Br(K*— m%* Ve) 4x? |Vus|2 ,

When combined with the previous constraint derived from

which noticeably is independent of the parameterégand the measurement of 5‘11931/7) it yields
sirf¢. Therefore, the ratidR can be used to directly set a '

limit on |d3;ds,|/X, without any assumptions regarding other

parameters. If we compare this result with the published re- AMB
- o+ ————— =100 dsdag. (102
sult of the E787 collaboration[21], Br(K"™—a" vv) (AMg )SM
=4.2"31x107° we obtain the & level constraint
dadad ., Hence, the combination of the—sv» and B2-BY mixing
— =10 99 data directly constrains the magnitudeg @f,ds5 because the

explicit x dependence cancels. Fre20, the nonstandard

For x=20, the smallest value ofconsistent with th&-pole  contribution toB-BY mixing can be as large as six times the
data, it requiregds,ds) <2x 1073, SM short distance contribution.

Now we consider the new effect to tie-K° mixing. A Given the constraints oftlz,day|, |dadagl, and the unitar-
straightforward calculation of the tree-level amplitude asity condition on the matrix 4, one can derive the allowed
compared with the SM short distance contribution gives ~ space of the parameteids,|, |ds,|, and|dz4. It is interesting

to notice that in the SM neithdr, nor L4 can be separately
T AM _Re(d3y 32?2 determined, and only the CKM matrl, which is the prod-
TV AMSMwlx EEEEEva— (97 uct of LT and L4, can be measured experimentally. How-
ever, in this model, the elements in the third column of the
L, 4 mixing matrices can be determined, and can be further
constrained by including other low-energy data. Unfortu-
nately, in general, those observables depend also on some
other parameters, such as %nand sifg, of the model.
<1X10°dgyds. (98  Some of them are discussed below.

M The expected branching ratio for-su™ u~ is given by

Combined with the previous constraint derived fragt
— vy, we conclude
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Br(b—>s,u_,u+):i|0|32|2|0|33|2
Br(b—cu~w,) 4x* [Vel*f(2)

X (sin*B—4 sirf B sirf ¢ sir? @

+8sirfgsinte). (103
Using the CLEO dat§24], we obtain
dsd
M< 2.4x 1073, (104)

for si8=0.5 and siA$=0.04. For x=48, the minimal
value ofx consistent withZ-pole data andr lifetime, it re-
quires|ds dsg <0.12.

Next, consider the decay rate Bf y—u " . The tree-
level contribution gives

2¢2 2 2
GFqumqu,u,ldSZd33|

F(Bs—p'u) "

2
o

am 3/2
- .

Bq

(105

For sirf3=0.5 and siA¢=0.04, the branching ratio BB
—utuT)is

X (sifB—4 sinzesinqu)Z( 1-

)=0 014d32d33|2

" (106

Br(Bs—u"p”

Comparing this result with the experimental upper lif@i9],
we obtain

<1.2x10°2.

dsd
| 33( 39 (107)

This constraint is not as strong as the one obtained foom
—sutu, the latter is stronger by one order of magnitude.
The branching ratio oBy— u ™ u~, for sirf8=0.5 and

sirf$=0.04, is

|d31d33|2

Br(Bg—utu) =0.0t——— (108)

Comparing this result with the experimental upper lif@i9],
we obtain

|da1033

<9.1x10 3. (109

The new physics effect to tth-§8 mixing compared
with the SM contribution can be written as

PHYSICAL REVIEW D 61 015007

AMg T
¢ ~36x10°

Re(d%;d30)?
(AMBd)SM TSM '

(110

When combined with the above constraint derived from the
decayBy—utu” [29], it yields

AMg, &
————=3.3X10°|d3,d33.
(AMBd)SM |d31033]

(111
If we consider the valuex=48, sirf3=0.5, and sifp
=0.04, then|ds;ds4<0.44 andAMBd/(AMBd)SMsMSO,
which implies that the current measurement of HBy(
—utu”) is not useful to constrain this model, and new

physics effect tB3-B} mixing can be much larger than the

SM prediction. A precision measurement ZE‘; mixing

will be extremely valuable to test this model with the sce-
nario that both the up- and down-type quarks can mix in their
mass eigenstates.

Similar to the discussions given for the other two sce-
narios, this model also allows lepton number violation pro-
cesses, such aBsy—u~ 7" and b—su™7". Since their
branching ratios are of the same order as those forthe
mode, they can be very useful for further testing the model.
In conclusion, under the general mixing scenario, the model
requires two additional freeeal parameters, although addi-
tional phases can be introduced to generate a new source of
CP violation. Depending on the values of the parameters,
sizable effects in various FCNC processes are expected. In
Table 1V, we summarize the results of this section by giving
the constraints on the mixing parameters as extracted from
different experiments.

VII. CONCLUSIONS

In this work, we revisit the model in Ref5], and update
the constraints on this model from tlepole data at LEP or
SLC. We find that the heavy gauge boson mass is bounded
from below to be about 1.7 TeV at therdevel. The param-
eterx, the square of the ratio of the two VEV'’s involved in
the breaking pattern of the gauge symmetry, is larger than 20
assuming no lepton mixing, and 48 with the maximal pos-
sible lepton mixing betweep and . Given that, we study
the potential of the new physics effect predicted by this
model to low-energy data with zero momentum transfer,
such aK andB physics. We concentrate on the region where
X is large. Using an effective current-current interaction La-
grangian, we systematically examine the possible new phys-
ics effects in the charged-current and the neutral-current in-
teractions. We show that FCNC couplings in this model can
be written as the product of CKM matrix elements, so that
FCNC processes are naturally suppressed. To examine how
well low-energy data can further test this model, we have
separately studied three different scenarios of quark mixing.

Assuming the third family lepton does not mix with the
first family lepton, the partial decay width gf—eeeand
pm—evy will not be modified. The current data on the mea-
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TABLE Il. The lower bound onx derived from various decay
processes for the proposed model with dhguark mixing scenario.
Case |: siRB=0, sirf¢=0.04. Case II: sif3=0.5, sirf¢=0.04.
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ing the third family lepton does not mix with the first family

lepton. The branching ratio & — 7" vv can be an order
of magnitude larger than the SM prediction. In that case, it

can be tested at Kaon factories. The effect to kfeK®

Process X>

I I mixing is of the same order as the SM prediction, which can

only be useful if the long distance contribution can be better

Z-Pole data _ 20 20 understood theoretically. Furthermore, since the above ob-
Br(r"—u v,v,)IBr(r” —e ver,) 0 48 servables do not depend on the parametefdsithey can
Br(t —p p'u’) 0 37 directly constrain the parameterof the model. The current
Br(r—uy) 0 3 data on the branching ratios &;4—7 7",u"u* andb
Br(K™—m"vv) 7 7 —su~ut,se"e’,svv do not impose a better constraint on
Br(b—su®p") 0 19 the model than that by th&-pole measurements. However,
Br(b—svv) 15 15 with a much larger statistics of the dataBn(Beauty facto-
Br(Bg—uun") 0 1 ries, we expect it to be improved. Since this model also
Br(Be—pu*p) 0 4 predicts the non-SM decay modes, suctbassu™ 7+ and

surement of the ratié' (7— uv,v,)/I'(7—evev,) places the
strongest constraint on the parametewhich is even better
than theZ-pole constraint for sitp<0.1 (cf. Fig. 2. The

lepton number violation process— uuw is also significant

Bsg—u " 7, with comparable branching ratios, they should
be measured to test the model prediction on the lepton mix-
ing dynamics(i.e., sirf3 dependende For the range of the
parametek consistent with th&-pole data, it is found that in
this model a new contribution to tk&ﬁﬁg mixing can reach

the range of 150-360 %. Hence, this measurement is useful

and gives a compatible constraint as does the above measufer testing the model. As a summary to this scenario, in
ment. On the other hand, given the current experimentalable Il we give the lower bound on the parameteierived
data, the decay process- uy and the measurement of the from including the low-energy data as well as thAeole
anomalous magnetic dipole moment of the muon are not yedata. We consider two cases. Case I: No lepton mixing
significant in constraining the model. If the above discussedsir?3=0). Case II: Maximal lepton mixing (sf$=0.5). In
processes can be measured to a better accuracy in futubeth cases we set €i=0.04, since it corresponds to the
experiments, they will play a more significant role in testingminimal value ofx. Also, in Table Il we tabulate the pre-

the model considered in this work.

dictions of our model for various processes and for two

Under the down-type quark mixing scenario, the decaycases. Case |: No lepton mixing (48+0.0) andx=20.
width of K™ — 7% v, is not modified at tree level, assum- Case II: Maximal lepton mixing (sf8=0.5) andx=48. For

TABLE Illl. Predictions of various decay rates and mixing in the SM and the proposed model with the
d-quark mixing scenario. Case I: $=0, x= 20, sif¢=0.04. Case II: sif3=0.5, x=48, sirf¢=0.04.

Process Data SM d-type mixing

[ ]
Br(r —u v,v,)
— - r7 0.976+0.006 0.9729 0.9729 0.9881
Br(r~—e vev,)
Br(t T—pup utu) <1.9x10°® 0 0 1.1x10°®
Br(r— uy) <4.2x10°°® 0 0 1.7x10 8
Br(KP—utu™) (7.2+0.5)x10°° ~7%x107° 1.3x10°10 3.4x10°°
Br(K* — 7t vv) 4.2"51x 10710 (9.1+3.8)x10° 1 2.8x10°1° 4.8x10° 1
AMg(ns™h) 5.311+0.019 2.23-7.43 2.6-8.9 2.4-8.0
AMg (ps™Y) >10.2 1-15 5-69 3-37
Br(b—sutu™) <5.8x10°° ~7x10°¢ 1.6x10°7 9.2x10°®
Br(b—swv) <3.9x10°* ~4.2x10°° 2.3x1074 4.0x10°°
Br(b—su™7") ? 0 0 2.0x10°°
Br(Bg—u* ") <8.6x10°7 2.1x10° % 3.2x10° 1 8.8x10° %
Br(Bs—utu™) <2.6x10°°® 4.3x10°° 6.1x10 10 1.7x10°8
Br(Bg—pu™7") <8.3x10™* 0 0 4.0<1077
Br(Bs—u*7") ? 0 0 7.%10°®
Br(Bg—7"7) ? 4.3x10°8 2.6x10°° 1.0x10°7
Br(Bs—r"77) ? 9.1x10° 7 5.0x10°° 2.0x10°®
Y(1S)—u“r* ? 0 0 4x10° %0
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TABLE IV. Constraints on the quark mixing parameters from various decay processes for the proposed
model with the general mixing scenario.

Process sitB Sirf¢ Constraint
Br(K*— " vv) Independent Independent |d3,d3)/x<1.0x 10 *
Br(b—swv) Independent Independent |dsptsq /x<2.9x 103
Br(b—sutu™) 0.5 0.04 |dapdsg/x<2.3x 1073
Br(Bg—u ") 0.5 0.04 |d3id3q/x<9.1x 1073
Br(Be—utu) 0.5 0.04 |dsp0sq/x<1.2x10 2
both cases we set $in=0.04. violation. Depending on the values of the parameters, sizable

Under the scenario of up-type quark mixing, there will be effects in various FCNC processes are expected. Therefore,
no nonstandard effect present in the hadronic decays Bf ~ low-energy data can also test the model with a general mix-
andB mesons. This is because in the pure hadronic chargedPd scenario. In Table IV we summarize the results of the
current interaction, the new physics effect is only expected ifgeneral mixing scenario by giving the constraints on the mix-
processes that involve thequark and where\B vanishes. ing parameters as extracted from different experiments. The
Furthermore, the present data of semileptdnguark decays general mixing scenario also allows lepton number violation
are not accurate enough to further constrain the modeRrocesses, such & q— ™ 7" andb—su™7". Since their
though it can be improved in thB factories. Under this branching ratios are of the same order as those forthe
scenario, the unitarity condition of the CKM matrix is modi- mode, they can be very useful for further testing the model.
fied, but its change is extremely small for the values tfat It is interesting to notice that in the SM neithieg; nor L4
agree withZ-pole data. In this case, this model does notcan be separately determined, and only the CKM matiix
modify either theB®-BP or the K°-K® mixing at tree level. Which is the product of.| andL, can be measured experi-

Although the FCNC decay of charm meson is expected to b&entally. However, in this model, the elements in the third
modified, the nonstandard effect is very small because of theolumn of thel, 4 mixing matrices can be determined, and
natural suppression imposed by the tree-level FCNC coucan be further constrained by including other low-energy
plings (which are the product of CKM matrix elements data. Unfortunately, in general, those observables also de-
With enough data in future experiments, the measurement ¢fend on some other parameters, such a&simd sirfg, of
the partial decay widths of (1S) into the 7" 7~, u*u~,  the model.
andu™ 7° modes can further test the model. Furthermore, it
can also modify thek®-K®, B°-B° mixing and the decay
width of b—sy at one-loop level. However, the one-loop  E.M. would like to thank K. Hagiwara and Y. Okada, for
effects are small compared to the SM predictions and do naiseful discussion and comments. He also thanks KEK for the
exceed the level of 0.4% of the SM values. kind hospitality, where part of this work was done, and the
Under the general mixing scenario, the model requiredMatsumae International Foundation for their financial sup-
two additional free(rea) parameters, although additional port for his visit in Japan. This work was supported in part
phases can be introduced to generate a new sour€=Pof by the U.S. NSF under Grant No. PHY-9802564.
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